Abstract-In this paper, we have introduced a new method to improve overall efficiency of direction-of-arrival (DoA) estimation scheme relying on received signal strength (RSS) values measured at the output port of electronically steerable parasitic array radiator (ESPAR) antenna. The proposed approach uses software-defined radio (SDR) setup and power pattern cross-correlation (PPCC) estimator involving multiple calibration planes. By placing the calibration planes using the proposed SDR-based iterative method, it has been possible to obtain more optimal form of the PPCC estimator, than originally proposed in the literature. Anechoic chamber measurements of our ESPAR antenna prototype indicate that one can keep the expected overall accuracy of DoA estimation results in a wide span of incoming signal elevation angles and, simultaneously, decrease the number of required calibration planes by more than half, which will shorten the time required for RSS-based DoA estimation process and also for the initial calibration procedure within an anechoic chamber.
I. INTRODUCTION
Direction-of-Arrival (DoA) estimation is a technique that can be used to improve key parameters of modern wireless systems, including connectivity, coverage and energy efficiency. In its most common implementation, it relies on digital beamforming and requires a number of digital signal processing (DSP) units, which has a negative impact on total system cost and energy consumption [1] . To address these deficiencies, one can use simpler and more energy efficient electronically steerable parasitic array radiator (ESPAR) antenna concept, first proposed in [2] , in which a centrally placed active element is surrounded by a number of passive elements that are connected to variable reactances. By setting up the correct values of reactances, one can form a directional main beam and, by changing these values electronically, it is possible to rotate the main beam around the antenna.
ESPAR antenna has been used by many authors to estimate the direction of a signal impinging the antenna [3] - [6] . One of the most practical approach relies on powerpattern cross-correlation (PPCC) algorithm that uses received signal strength (RSS) values recorded at the antenna output for different main beam directions. By comparing the recorded RSS values with antenna's radiation patterns measured in an anechoic chamber during the calibration phase, it is possible to estimate DoA with 2° precision [4] . However, in its original implementation PPCC-based DoA estimation may cause errors when elevation angle of an unknown incoming signal is different than = 90°, as during the calibration procedure ESPAR antenna radiation patterns are measured only in the horizontal plane (i.e. for = 90°) [6] . It means that in many practical scenarios, in which a wireless module is placed at different height than the ESPAR antenna performing measurements, DoA estimation results may be not be as accurate as for = 90°.
To improve PPCC estimator so it can provide accurate DoA estimation results for arbitrary elevation angles, a twostep approach has been proposed [6] . In the modified PPCC algorithm, two calibration planes (i.e. = 90° and = 45°) are used and then two PPCC estimators are calculated. By choosing the estimator providing the biggest value it was possible to increase the overall PPCC-based DoA estimation performance for arbitrary elevation angles. Because such an approach provides acceptable results only when a signal impinging the antenna comes from elevation angles between = 90° and = 50°, further extension has been proposed involving a new PPCC estimator involving multiple calibration planes (PPCC-MCP) [7] , so the number of calibration planes can easily be extended to provide acceptable accuracy level. As result presented in [7] indicate, by increasing the number of calibration planes it is possible to improve the overall DoA estimation accuracy in a wide span of elevation angles. One has to note, however, that every additional calibration plane added to the PPCC-MCP estimator increases not only the calibration time, which will have direct impact on future WSN deployment costs, but also the calculation time required for such RSS-based DoA estimation.
In this article, we propose to generate calibration measurements using software-defined radio (SDR) setup and then include them gradually within the PPCC-MCP estimator in an iterative manner by covering angles with the highest DoA estimation errors. The proposed multiplane SDR-based calibration approach allows one to obtain an efficient RSSbased DoA estimation, which can easily be applied in WSN nodes, that provides increased overall DoA estimation accuracy in a wide span of elevation angles using much smaller number of calibration planes than initially proposed in the literature [7] . 
II. ESPAR ANTENNA FOR WSN NODES WITH DOA ESTIMATION CAPABILITIES
Recently proposed for WSN nodes ESPAR antenna with simplified beam steering [5] , which is presented in Fig. 1 , has a single active monopole surrounded by twelve passive elements. To be suitable for integration with popular WSN nodes, in order to provide DoA estimation capability to a node, the antenna has been optimized to work at 2.484 and then fabricated using inexpensive FR4 laminate, in which top layer metallization is the antenna's ground plane.
The monopole is fed by an SMA connector that can be connected to WSN node radio frequency (RF) transceiver's output, while the passive elements can be individually shortened to the ground or opened by corresponding singlepole, double-throw (SPDT) switches connected to the elements' ends at the bottom layer of the structure. Because the digital SPDT switches are connected to WSN node's microcontroller digital input output (DIO) ports, the antenna's radiation pattern can be shaped by setting a corresponding steering vector = [ , , , ] within the microcontroller as for set to 0 n-th parasitic element is connected to the ground and opened for = 1. For example, to create a directional main beam having 3 beamwidth that equals to 73.2° and 61.8° in respectively horizontal and vertical directions with the maximum for = 61° and = 90° (aligned with y axis), one has to use a steering vector = [1, 1, 1, 1, 1, 0, 0, 0, 0, 0, 0, 0] . Moreover, by applying a circular shift to , it is possible to rotate the main beam and produce twelve different horizontal directions [8] . Therefore, by recording RSS values associated with received packets for all twelve directional main beams, it is possible to estimate DoA of a signal impinging a WSN node equipped with such ESPAR antenna.
III. EFFICIENT RSS-BASED DOA ESTIMATION USING PPCC ALHORITHM WITH MULTIPLE CALIBRATION PLANES
In order to estimate DoA within a simple and inexpensive WSN node equipped with ESPAR antenna introduced in [5] , one has to rely solely on recorded RSS values associated with received packets [8] . The most practical RSS-based algorithms use the PPCC method, originally proposed in [4] , that relies on cross-correlation coefficient ( ), which, for the considered ESPAR antenna, can be written as:
where { ( , ), ( , ), … , ( , )} are twelve ESPAR antenna's radiation patterns measured in the horizontal plane (i.e. = 90°) in an anechoic chamber with the angular step precision for all corresponding steering vectors { , , … , } during a calibration phase, while { ( ), ( ), … , ( )} are RSS values recorded at the antenna output for the steering vectors during the actual DoA estimation process. It has been shown in [4] , that the highest value of ( ) corresponds to the estimated DoA angle associated with an unknown direction of a signal impinging the antenna. However, because ESPAR antenna radiation patterns change differently for various elevation angles across the horizontal plane, as shown in [6] and [7] , one can expect lower DoA estimation accuracy for signals impinging the antenna from directions other than = 90° when the original PPCC formulation (1) will be used [6] , [7] .
To increase the overall DoA estimation accuracy in a wide span of elevation angles, one has to increase the number of calibration planes used within a PPCC-based estimator [6] . To this end, a practical approach, which can easily be implemented in a WSN node's microcontroller, involving multiple calibration planes measured in an anechoic chamber and integrated within a PPCC estimator has recently been proposed [7] . The method uses a discreet version of PPCC estimator (1), which has been defined in [5] and can be written as: (2) is a discreet form of (1), the estimated DoA angle is now a value in the vector that corresponds to the highest value in [5] . If the number of calibration planes in (2) will be greater than one, it is possible to transform (2) into PPCC-MCP estimator that can be written in the following form [8] :
where = , , , is a vector of calibration planes , which are ESPAR antenna's radiation pattern values measured at the elevation angle , corresponding to the steering vector . For the total number of calibration planes placed at vertical angles { , , … , }, the length of the vector is equal to . Hence, to find the estimated DoA value from (3), one has to find the highest value in , which is now also a vector of length , and then find the corresponding value the vector = , , , , in which = for every . Although increasing the number of calibration planes, as shown in [7] , brings accurate DoA estimation results in a wide span of elevation angles, it has also a negative influence on the time-related performance of the PPCC method. To provide accurate results in [7] , = 9 calibration planes, placed between = 10° and = 90° with = = 10°, had to be used. This has a negative influence on DoA estimation time using (3) and extends the calibration process of WSN nodes from tens of minutes to hours [5] .
Instead of using high number of equally distributed in elevation calibration planes, we propose to use more efficient approach. First, using SDR-based calibration approach for PPCC-MCP algorithms [9] , one can gather calibration data together with data required for verification of DoA estimation accuracy. In this article, we propose to add calibration planes one-by-one during an iterative process, which can be summarized as follows: Introduce = 90° calibration plane. Calculate RMS DoA estimation errors within the required span of elevation angles. Iterate, starting from = 2, until the maximum RMS DoA estimation error reaches the expected accuracy level: o find the calibration plane , for which the RMS DoA estimation error is the biggest, o insert new calibration plane = , o calculate RMS DoA estimation errors within the required span of elevation angles, o increase by one. Because every new calibration plane is inserted at elevation angles associated with the biggest RMS DoA estimation errors, one can expect, based on results presented in [6] , that such an approach will allow for more optimal placement of calibration planes in PPCC-MCP estimator defined by (3).
IV. MEASUREMENTS AND RESULTS
To verify the proposed method we have applied it to the ESPAR antenna presented in Fig. 1 . We have installed the antenna in our 11.9 × 5.6 × 6.0 anechoic chamber and have performed measurements using the SDR-based setup proposed in [9] for accurate DoA calibration and verification measurements. Using the setup, we have measured all 12 radiation patterns of the ESPAR antenna at 2.484 with horizontal and vertical resolution equal to 1° using an SDRbased device NI PXIe-5840 that gathered 100 sinusoidal snapshots for each measurement. Because the device can act as a signal generator and a signal analyzer, NI PXIe-5840 has also been used to verify DoA estimation accuracy. To this end, in the same anechoic chamber 10 snapshots of 10 2.484 BPSK test signal were generated 8.0 from the ESPAR antenna for every RSS measurement. All signals have been received by the same NI PXIe-5840 unit connected to ESPAR antenna's output and then additive white Gaussian noise has been added to obtain signal-to-noise ratio (SNR) equal to 20 . To provide accurate test results, signal's directions were set by rotating the receiving ESPAR antenna with a discreet angular step equal to 5° in both and directions. It means that 72 test directions {0°, 5°, … , 355°} were set up for 17 elevation angles {90°, 85°, … ,15°, 10°} . Additionally, for every 2 signal's direction ( , ) twelve RSS values have been recorded for all the main beam antenna configurations.
Results for the available PPCC calibration methods are gathered in table I. It is clearly visible that by increasing the number of calibration planes one obtains higher overall accuracy expressed as cumulative root-mean-square (RMS) error. However, even for multiplane calibration approach with = 9 calibration planes set up at { = 10°, = 20°, … , = 90°} as proposed in [7] , the overall RMS error calculated from all 1224 error values equals 19.20°. This is caused mainly by considerable errors present at = 15°, not visible when coarse angular step, as in [7] , is used for testing.
To verify the proposed iterative approach, we have started from the original calibration approach with a single calibration plane at = 90°. For such a setup, as it can easily be seen in table I, the highest RMS error is present at = 10°. It means, that in the first step of our iterative approach only two calibration planes, namely { = 90°, = 10°}, have to be used. The results obtained for such two-plane calibration, which were gathered in table II, indicate that the total RMS error equals to 59.66°, while the highest RMS error value (104°) appears at the vertical angle = 40°. Then, during the second step, we inserted an additional plane ( = 40°) within the PPCC estimator, which have resulted in the overall RMS error equal to 18.33° with the highest RMS error value (75.28°) at vertical angle = 15°. By inserting an additional calibration plane ( = 15°) in the third step, the overall RMS error dropped to 1.65°, which is a value acceptable in most of WSN-based DoA applications. As a result, with the proposed multiplane SDR-based approach, it is possible to obtain efficient PPCC-MCP-based DoA estimation that provides acceptable result using only = 4 calibration planes that are now placed in more optimal manner than it was originally proposed in [7] . V. CONCLUSIONS
In this paper, we have shown how overall efficiency of RSS-based DoA estimation method for ESPAR antennas can easily be improved by SDR calibration approach. The proposed method relies on PPCC estimator involving multiple calibration planes, which can provide accurate DoA estimation results in a wide span of elevation angles by using ESPAR antenna radiation patterns measured in the anechoic chamber at different elevation angles. The PPCC-MCP method, which in its original implementation involves calibration planes uniformly distributed across the considered elevation angles span, requires many calibration measurements to provide the acceptable overall accuracy. In consequence, the measurement time associated with the initial anechoic chamber calibration procedure and also with the actual DoA estimation process increases as well, which has a negative impact on the overall performance. In the proposed approach, SDR-based calibration testbed. introduced in [9] , has been used together with an iterative process that allows one to add calibration planes into PPCC-MCP estimator oneby-one at elevation angles exhibiting the highest RMS errors. Anechoic chamber measurements of our ESPAR antenna prototype indicate that using the proposed multiplane SDRbased approach, it is possible to provide efficient RSS-based DoA estimation by placing required calibration planes in more optimal manner than it was originally proposed in the literature [7] -as a result, in the considered example, it has been possible to reduce the number of calibration planes by half.
